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using both the equivalent static loads method and the conventional method with sensitivity analysis using the finite difference method. The procedure for nonlinear dynamic response optimization of a joined-wing using equivalent static loads is explained and the optimum results are discussed. Table 1 Optimum results for the cantilever plate problem Table 2 Load data of the joined-wing Table 3 Aerodynamic data for the joined-wing Table 4 Results of nonlinear dynamic response optimization of the joined-wing Table 5 Optimum thicknesses from nonlinear response optimization using ESL
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Introduction
The joined-wing is an innovative aircraft configuration. The joined-wing may be defined as an airplane that incorporates tandem wings arranged to form diamond shapes in both top and front views. Wolkovich proposed a joined-wing design with potential weight reduction and aerodynamic benefits as early as 1986. (1) The joined-wing has the advantage of a longer range and loiter than those of a conventional wing. Generally, the weight of the joined-wing aircraft is lighter than that of a conventional wing. Fig. 1 shows a general joined-wing aircraft where the fore-wing and aft-wing are joined. Miura, Shyu and Wolkovich employed an optimization method to study the effects of joined-wing geometry parameters on structural weight.
(2) Gallman, Smith and Kroo offered many recommendations for the design methodology of a joined-wing. optimization of a joined-wing using equivalent loads. (10) In previous researches, (4, 10) it is certain that the joined-wing has high geometric nonlinearity under the gust loading conditions due to the specific shape of the joined-wing.
And structural optimization of the joined-wing has been performed from the viewpoint of nonlinear static response. However, real forces act dynamically. Especially, the gust loads are the most important loading conditions when an airplane wing is designed. The gust is the movement of the air in turbulence and the gust load has a large impact on the airplane. (11) (12) The gust loads generate various dynamic effects on the aircraft wing.
Therefore, the nonlinear dynamic effect of the joined-wing should be considered in the optimization process. However, it is very difficult to optimize a joined-wing considering the nonlinear dynamic effect. The reason is because the conventional optimization method is not efficient for nonlinear dynamic response structural optimization.
The calculation of the sensitivity from nonlinear dynamic analysis is fairly difficult.
This is due to the great number of nonlinear dynamic analyses required for the calculation of the sensitivity. Therefore, the conventional gradient based optimization method is not useful for nonlinear dynamic response optimization. (13) (14) (15) The non-gradient based optimization method such as the response surface method can be used for nonlinear dynamic response optimization. However, the method has several disadvantages such as the limit of the number of design variables and inaccuracy of the solution. (16) In this research, the equivalent static loads (ESL) method is introduced for nonlinear dynamic response optimization. Until now, the equivalent static loads method has been used for linear dynamic response optimization and nonlinear static response optimization. (16) (17) (18) (19) (20) (21) The concept of ESL is expanded to nonlinear dynamic response optimization. (4) Static loads for the gust can be generated from an aeroelastic model which uses the Panel method. (11) (12) It is difficult to identify the exact dynamic gust load profile. Therefore, the static gust loads from AFRL are transformed to dynamic loads using the 1-cosine function.
(11) ABAQUS 6.7 (24) is employed for nonlinear dynamic analysis and GENESIS 9.0 (25) is used for linear static optimization.
2 Nonlinear dynamic structural optimization using equivalent static loads (NDROESL)
As mentioned earlier, nonlinear dynamic response structural optimization is quite difficult even with the modern computer system. Nonlinear analysis considering time is a lot more expensive than nonlinear static analysis. This disadvantage is fatal for structural optimization using the gradient based optimization method because the calculation of sensitivity needs a large number of nonlinear dynamic analyses. On the other hand, the approximation methods such as the response surface method (RSM) are easy to use; however, they have a limit on the number of design variables and the solutions are not exact. (16) The equivalent static loads method is a new and efficient method that overcomes those weaknesses. In this section, the concept and the calculation of the NDROESL method are explained.
Problem formulation of nonlinear dynamic response structural optimization
The formulation for the nonlinear dynamic response optimization can be expressed as follows: As mentioned earlier, dynamic response optimization has many time dependent constraints. As shown in Eq. (1d), the total number of time dependent constraints is l n × .
Moreover, the calculation of the sensitivity considering the incremental step is extremely difficult. Therefore, it is rare to perform nonlinear dynamic response structural optimization for large scale problems.
Calculation of the equivalent static loads
The equivalent static loads (ESL) are defined as the static loads which generate the same response fields as those under a dynamic load at an arbitrary time of dynamic analysis.
According to the finite element method, (22) (23) the equilibrium equation of a structure in the time domain with nonlinearity is
N z at all the time steps is obtained from Eq. (2). The equivalent static load for displacements is defined as:
where new notation s is exactly matched with t in Eq. (2) . The reason to use the notation s is that Eq. (3) is not defined in a dynamic region but in a static region. In other words, 
where the nodal displacement vector 
The stress response
is obtained from Eq. (7) of linear analysis. However, this stress response may not be exactly the same as that from nonlinear analysis because the 8 integral points for calculation of stresses are different in nonlinear dynamic analysis and the initial stress analysis. The difference can be adjusted to
as follows:
where α is the stress correction factor and i is the element number. If a problem has a displacement constraint as well as a stress constraint, equivalent loads should be calculated with respect to each response, and the sets of the equivalent static loads are utilized in linear static response optimization as multiple loading conditions.
The steps for nonlinear dynamic response structural optimization using equivalent static loads (NDROESL)
The overall process of the NDROESL algorithm is illustrated in Fig. 4 . The steps of the algorithm are as follows:
Step 1. Set initial design variables and parameters (design variables:
Step 2. Perform nonlinear dynamic analysis with Step 3. When k = 0, go to Step 4. When k > 0, if
then terminate the process. Otherwise, go to Step 4. If Eq (9a) is satisfied and Eq (9b) is not satisfied, reduce the convergence parameter ε to have a smaller value and go to Step 4.
Step 4. Calculate the equivalent static load sets as follows:
Step 5. Solve the following linear static response optimization problem:
The external load ) (s eq f is the equivalent static load vector and n 2 equivalent static load sets are used as multiple loading conditions during the linear static response optimization process.
Step 6. Update the design results, set 1 + = k k and go to Step 2. 
The design variables are the thicknesses. The cantilever plate is divided into twenty nine sections with respect to the x direction and the total number of design variables is twenty nine. The objective function is the mass. The constraint is that the magnitude of maximum displacement should be less than the allowable displacement of 20 mm at all the time steps.
This problem is solved by NDROESL as well as by a conventional method. The modified method of feasible directions algorithm in a commercial optimization code DOT 5.7 is used for the conventional method.
The finite difference method (FDM) is employed for sensitivity analysis. The results of both methods are compared. Figures 8 and 9 illustrate the history of the objective function and constraint violation for NDROESL and FDM, respectively. Table 1 shows the optimization results for the cantilever plate problem. As shown in the table, the optimum mass is almost the same.
The displacement constraint is active at the optima of both methods. Figure 10 presents the maximum displacements from nonlinear dynamic analyses at the optima of both methods. They are almost the same. Since the solution from the conventional method can be considered as a mathematical optimum, the quality of the solution from NDROESL is excellent.
The efficiency of the two methods is quite different. Only eight nonlinear dynamic analyses are required in NDROESL while three hundred and sixty five analyses are required in the conventional method using FDM. The same computer, Intel Pentium Dual CPU 3.20 GHz, 3.25 GB RAM, (27) is used for the analysis and optimization. In total CPU time, NDROESL requires 22 minutes while FDM requires 486 minutes. Figure 11 illustrates the thickness distribution of the optimum models from both methods. The thickness of the root is thick and that of the tip is thin in both methods; however, the profiles are different. The difference of sensitivity causes the difference of the optimum profile. The linear response is used for the calculation of sensitivity in NDROESL. On the other hand, the nonlinear response is directly used for the calculation of sensitivity in the conventional method using FDM. The difference of sensitivity is reduced as the cycle is repeated. The results of NDROESL are almost the same as those of the conventional method using FDM. However, NDROESL is more efficient than the conventional method.
Conceptually, it seems that the joined-wing structure is a cantilever type structure. The root of the wing is fixed at the fuselage. Several thousand shell elements are used for the finite element method of the structure. From the next section, the analysis and optimization of the joined-wing structure will be explained. Since it is a very large scale problem, the conventional method is almost impossible to use. Therefore, only the NDROESL method is used for nonlinear dynamic structural optimization of the joinedwing. Figure 12 illustrates a finite element model of the joined-wing. The joined-wing consists of five parts, which are the fore-wing, the aft-wing, the mid-wing, the tip-wing and the edge around the joined-wing. Each part is composed of the top skin, the bottom skin, the spar and the rib. The length from the wing-tip to the wing-root is 38 m and the length of the chord is 2.5 m. The model has 3027 elements with 2857 quadratic elements, 156 triangular elements and 14 rigid elements. Rigid elements make connections between the nodes of the aft-wing root and the center node of the aft-wing root. The structure has two kinds of aluminum materials. One has the Young's modulus of 72.4 GPa, the shear modulus of 27.6 GPa and the density of 2770 kg/m 3 . The other has 36.2 GPa, 13.8 GPa and 2770 kg/m 3 , respectively. The former material is used for the entire elements except for the edge part. The latter material is only used for the elements of the edge part.
Analysis of the joined-wing
Finite element modeling of the joined-wing
Loading conditions of the joined-wing
Eleven static loading conditions for structural optimization have been defined by the AFRL. (4) These loading conditions are composed of seven maneuver loads, two gust loads, one take-off load and one landing load as shown in Table 2 . Each loading condition has a different loading direction and magnitude. The gust loading conditions are especially important in these loading conditions. Gust is the movement of the air in turbulence and the gust load has a large impact on the airplane. Static loads for the gust can be generated from an aeroelastic model which uses the Panel method. The real gust load acts dynamically on the airplane. Also, dynamic loads are required for optimization with equivalent static loads. However, the generation of exact dynamic loads which consider the nonlinear dynamic behavior of the airplane is very difficult.
Therefore, the static gust loads of Reference 4 are transformed to dynamic loads.
Generally, there are several methods for generating dynamic gust loads. (11) Here, the approximated dynamic load is evaluated by multiplying the static load by the 1-cosine function.
The duration time of the dynamic gust load is calculated from the following equation.
where U is the velocity of the gust load, de U is the maximum velocity of the gust load, s is the distance penetrated into the gust and C is the geometric mean chord of the wing.
The conditions for the coefficients are shown in Table 3 . From Table 3 and Eq. (13), the duration time is 0.374 seconds. The airplane stays in the gust for 0.374 seconds.
The dynamic gust load is calculated as follows:
where static F is the static gust load which is the eighth or ninth load in Table 2 . It is noted that the period of the gust load is 0.374 second and the duration time of the dynamic load is 0.374 second. The dynamic load becomes zero after 0.374 second.
Boundary conditions of the joined-wing
The roots of the fore-wing and the aft-wing are joined to the fuselage. That is, the entire part of the fore-wing root is attached to the fuselage. Therefore, all the degrees of freedom in six directions are fixed. On the other hand, the aft-wing root can be rotated with respect to the y-axis in Fig. 13 . The boundary conditions are illustrated in Fig. 13 .
Nonlinear dynamic analysis of the joined-wing
Nonlinear dynamic analysis is performed under the gust loading conditions. Geometric nonlinearity is considered in nonlinear dynamic analysis. The dynamic loads are generated by Eq. (14) . ABAQUS 6.7 (24) is used for nonlinear dynamic analysis. HP-UX Itanium II computer is used for nonlinear dynamic analysis (28) As mentioned before, the duration time of the dynamic gust load is 0.374 second and the total analysis time is 1.8
seconds. The size of the time step is 0.1 second. Then, the stress response is recorded every 0.1 second. Therefore, each loading condition has 18 time steps. Then, the total number of time steps is thirty six for the two gust loading conditions. In the linear static response optimization process using the equivalent static loads, thirty six static loading conditions are utilized as multiple loading conditions. Figure 14 illustrates the von Mises stresses from nonlinear dynamic analysis. The stress fluctuates and the maximum stress occurs after 0.374 second which is the duration time of the dynamic load. Moreover, the maximum stress occurs within 1.8 seconds. Generally, the maximum stress occurs at the wing root. Figure 15 presents the stress contour of the joined-wing at 1.1 second and the maximum stress occurs under the gust loading condition 9.
Structural optimization of the joined-wing
Definition of design variables
As mentioned earlier, the FEM model of the joined-wing has 3027 finite elements. It is not reasonable to select the properties of all the elements as design variables for optimization. Thus, the design variable linking technology is utilized. The wing structure is divided into forty eight sections and each section has the same thickness. The finite element model is adopted from Reference 4. The joined-wing is divided into five parts as illustrated in Fig. 12 . Each part is composed of the top skin, the bottom skin, the spar and the rib. 
Optimization formulation
The optimization problem is formulated as 
where i b is the thickness of the i th section.
is the stress of the j th element at the t th time step under the loading condition p . As mentioned earlier, two gust loading conditions (the 8th and 9th loading conditions in Table 2 The material of the joined-wing is aluminum. (4) The allowable von Mises stress for aluminum is set by 269MPa. Since the safety factor 1.5 is used, the allowable stress is reduced to 179 MPa. Stresses of all the elements except for the edge part and the wing tip part should be less than the allowable stress 179 MPa.
Discussion
The results of nonlinear dynamic response optimization
Nonlinear dynamic response structural optimization of the joined-wing is carried out using equivalent static loads. Two gust loading conditions are used as external dynamic loads. Each loading condition is divided into eighteen time steps from 0.0 second to 1.8
second. According to the equivalent static loads concept, thirty six static loading conditions are defined for the two gust loads. Table 4 and Fig. 17 show the history of the optimization process. The objective function is increased by 318.4 percent from 4285.96 kg to 17933.55 kg. It is noted that the constraints are satisfied when nonlinear dynamic analysis is performed with the optimum solution. The stress response of the optimum is illustrated in Fig. 18 . The critical stresses occur at 0.2 second, 0.4 second, 0.9 second and 1.4 second. Figure 19 illustrates the stress contours of the optimum at 1.4 second. The maximum stress of optimum occurs at element 1407 which is located in the top skin of the aft-wing root. The magnitude of the maximum stress is 179.9 MPa at the time of 1.4 second. Generally, the effect of loading condition 9 (cruise speed gust load) is more severe than that of loading condition 8 (maneuver speed gust).
The violation of the stress constraint of cycle 7 is smaller than that of cycle 8. However, the mass of cycle 8 is smaller than that of cycle 7. The process is considered as converged when the difference between the design variables of the current cycle and those of the previous cycle is smaller than a given small number. The convergence criteria are satisfied in cycle 8. Both results of cycle 7 and 8 may be selected as the optimum design.
Discussion about the optimum design
As mentioned earlier, the mass is increased by 318.4 percent from 4285.96 kg to 17933.55 kg. Overall, the optimum thickness from nonlinear dynamic response structural optimization is larger than that of the initial model. In Reference 9, where linear dynamic response optimization of a joined-wing is performed, the optimum mass is 12725.52 kg.
The optimum mass of nonlinear dynamic response optimization is larger than that of linear dynamic response optimization. It is reasonable because the geometric nonlinearity is added in this research. The stress constraint violation of the initial model is 344.21% in Reference 9. However, the stress constraint violation of the initial model is 736.9% in this research. The mass of the initial design and the definition of the design variables are not exactly the same between Reference 9 and this research. However, the FEM model, the boundary conditions and the critical loading conditions are the same. Therefore, it seems that this comparison is useful for the design of a joined-wing. Table 5 and Fig. 20 show the optimum thickness. The thicknesses of the parts in the aftwing are quite large. The leading edge and middle part of the top skin, the trailing edge part of the bottom skin and the leading and trailing spars of the aft-wing are as thick as the upper bounds. In Fig. 20 , dv i means the design variable number. In the top skin of the aft-wing, the thicknesses of the leading edge and middle section are larger than that of the trailing edge. On the other hand, in the bottom skin of the aft-wing, the thickness of the trailing edge is larger than that of the leading edge. This means that a large torsion force occurs at the aft-wing root position. This torsion effect is observed in Fig. 19 . In the top skin of the aft-wing root, a large stress occurs at the leading edge. At the bottom skin of the aft-wing root, a large stress occurs at the trailing edge. It seems that the optimum thicknesses of the aft-wing are influenced by the torsion effect.
The joined-wing is defined as an airplane that incorporates tandem wings arranged to form diamond shapes in both top and front views. The joined-wing configuration has many advantages from the viewpoint of aerodynamic performance and weight reduction.
However, due to the specific shape of the joined-wing, it has large geometric nonlinearity under the gust loading conditions. The real gust acts dynamically. Therefore, the nonlinear dynamic behavior should be considered in structural optimization of a joined- 
